STIMULATED BACKSCATTERING FROM RELATIVISTIC UNMAGNETIZED ELECTRON BEAMS

Section I. Introduction
Stimulated emission of backscattered radiation from intense relativistic electron beams has received considerable interest in the past few years. The primary reason for this interest lies in the fact that radiation backscattered from relativistic electron beams can undergo a dramatic frequency increase and is readily tunable over a wide frequency range. Hence, these scattering mechanisms, which rely on relativistic electron beams, may soon lead to a new class of submillimeter and infrared generating devices which could find application in such areas as radar, plasma heating, diagnostics, isotope separation and laser pellet fusion.
Analyses of the scattering phenomena have been carried out using both, a quantum mechanical formalism 1 ~4 as well as a classical approach. [5] [6] [7] [8] [9] In these theories, the incident pump field has taken various forms such as periodic static fields and traveling electromagnetic waves. Numerical simulations of the scattering processes have shown that the efficiency of converting electron kinetic energy into electromagnetic energy can be as high as 30% under certain conditions. 10, 11 The frequency enhancement can be viewed as a double doppler upshift of the incident pump wave. An incident electromagnetic pump field at frequency w 0 , propagating antiparallel to a relativistic electron beam with speed v 0 will backscatter into a frequency ~ (1 + v 0 /c) 2 7oW 0 where y 0 = (1 -(v 0 /c) 2 ) ~1 /2 . In the case of a periodic static pump
Manuscript submitted August 11, 1977. field of period /, the frequency of the backscattered wave will be approximately given by The two principal types of scattering processes in which an incident pump field is backscattered off an electron distribution into a transverse wave are wave-wave (Raman) and wave-particle (Compton) scattering. 15 ~1 9 In general, these two scattering modes are present simultaneously; however, the wave-wave process dominates if the incident pump wavelength in the electron beam frame is much greater than the Debye wavelength. Scattering then takes place off collective plasma oscillations. On the other hand, wave-particle scattering dominates when the pump wavelength is comparable to or smaller than the Debye wavelength. In this situation, scattering takes place off shielded or "dressed" particles . This paper will address both, wave-wave and wave-particle scattering.
The physical mechanism responsible for the instability of the backscattered electromagnetic wave, i.e., stimulated emission, can readily be described classically in the beam frame. In what follows, quantities in the beam frame will be written with primes. In the beam frame we stipulate that the existing electron equilibrium is perturbed by a low frequency density wave in the absence of an external magnetic field. Only waves propagating along the z axis, i.e., direction of beam velocity in the laboratory frame, will be considered. The electrostatic perturbation at frequency and wavenumber (CD\\ , k\\ ) need not be an eigenmode of the electron distribution. The introduction of a large amplitude high frequency incident pump, £ 0 , at (a» 0 , k 0 )
forces the electrons to oscillate at a frequency w 0 in the direction along E 0 with a maximum velocity given by v ov = | e\ EJ (m o a> 0 ). This transverse oscillation velocity, v os perpendicular to k 0 , couples to the density wave, thus inducing transverse currents at frequency w + = w|| ± w 0 and wave numbers k ± = k\\ ± k 0 . These currents now generate new electromagnetic waves at (to ± , A ± ). The generated or scattered electromagnetic field consists of backscattered waves propagating antiparallel to the incident pump wave. Forward scattered waves are also induced, but will not be considered because they are down shifted in frequency and also have a much smaller growth rate than the backscattered radiation. The pump and backscattered wave couple through the v' x B' term in the Lorentz force equation resulting in a longitudinal force at (o»n , An ). This induced longitudinal force, also called the ponderomotive or radiation pressure force, if properly phased will reinforce the originial density wave. The backscattered electromagnetic wave is, therefore, unstable resulting in stimulated emission of radiation. It should be noted that in the beam frame, the pump frequency is usually much greater than the frequency of the longitudinal wave, |w 0 | » |WJ||.
For a cold electron beam the electrostatic wave is an eigenmode of the system, |wn | is roughly equal to the electron plasma frequency, w = (4TT-| e\ 2 n 0 m 0 ) l ' 2 and the scattering process is referred to as Raman scattering. However, if the pump strengh is sufficiently strong, the frequency of the electrostatic wave is modified by the pump field and is greater than the plasma frequency. In this regime the scattering process is called modified Raman scattering. In either case, the phase velocity of the electrostatic wave is far removed from the electron velocity, |to||/A|| | >> v th , where v th is the electron thermal velocity; therefore, they are referred to as nonresonant, wave-wave or collective scattering modes. If the electron beam is sufficiently thermal so that the phase velocity of the electrostatic wave is comparable to the electron velocity, a resonance between the wave and particles results. This regime is called
Compton scattering, resonant wave-particle scattering or inverse nonlinear Landau damping.
Here the nonlinear coupling between the pump wave and scattered electromagnetic wave induces a longitudinal wave with a phase velocity comparable to the electron thermal velocity,
Section II. Dispersion Relation
In this section equations describing the coupling of the incident pump wave and the scattered electromagnetic and scattered electrostatic waves are derived. The large amplitude incident pump field is assumed to be linearly polarized in the x direction with frequency QJ 0 , and wavenumber k 0 = k 0 e.. Only spatial variations along the z axis will be considered. The pump field is incident upon a system of electrons which are electrostatically as well as magnetically neutral. The model is depicted in Fig. (1) and the analysis is fully relativistic and is performed in the laboratory frame of reference. The electromagnetic field of the incident pump wave is chosen to be of the form
where E 0 is the electric field amplitude and the direction of the axial Poynting flux along the z axis is given by the sign of <o 0 /k 0 . The form of the scattered electrostatic wave is
where 4>\\ is the phase of the longitudinal field with respect to the pump field. The scattered electromagnetic field is chosen to be of the form
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The evolution of the electron distribution is described by the relativistic Vlasov equation o,
and n = 1, 2, .... In what follows the equilibrium distribution function described in (6) is chosen to have the form
where n 0 is the ambient electron density, 8 (w,) is a delta function and f g 0 (u\\ )du\\ = 1.
That is, the equilibrium distribution function is chosen to be cold in momentum space and,
The response current J drives the fields in Eqs. (1), (2) and (3) through the wave equation:
Solving Eq. (7) for/^'Cz, u, /), the first order particle and current density take the form
where 
Evaluating the second order particle and current density gives: It is necessary to find the third order transverse current density at (to ± , k ± ) in order to recover the wave-particle scattering. The third order current density at
where a>;
Now substituting the currents J l{ (a»,, , 
where :'= =*-/*,
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Note that m 0 is the electron rest mass and hence is the same in all frames. Equation (18) The real part of the frequency in this case is
Equations (24), (25) and (27) are the expressions for the temporal growth rates for stimulated Raman backscattering in the beam frame. These expressions all have a different parametric dependence on the pump amplitude. Since lm{\ ) « 1, for a cold electron distribution, we set lm(x ) =0 and discuss only the moderately strong and strong pump regimes whose growth rates are given in Eqs. (25) and (27) respectively. The results of the linear theory for these two cases can easily be transformed back to the laboratory frame. The value of ß os , in the laboratory frame, which distinguishes the moderately strong and strong pump regime is /3 crit , and is given by 
where e (1 = (y ( , -l)m 0 c 2 is the electron kinetic energy. These results are summarized in Table I for a highly relativistic electron beam. Estimates for the efficiency of converting electron beam energy into electromagnetic energy are also given in Table I and will be discussed shortly.
Compton Scattering (Wave-Particle Scattering)
We now consider the kinetic regime where the phase velocity of the longitudinal wave is of the order of the electron thermal velocity, i.e., wi| /A,, =#(v lh ). In this regime the elec- 
where the last expression is valid for a highly relativistic electron beam.
Section III. Saturation Levels and Efficiencies
This section will deal primarily with the saturation and efficiency levels of Raman backscattering off a cold, i.e., v th =0, electron beam. Saturation of the backscattered electromagnetic wave may be due to either pump depletion or nonlinearities associated with the electrostatic wave (density wave). Pump depletion ocurrs when the amplitude of the pump is depleted by the scattering process. Nonlinearities result when the electrostatic wave, given in Eq. (2), grows to a level sufficient to trap electrons. Roughly speaking, for a small amplitude pump field, pump depletion occurs before the electron dynamics become nonlinear. However, for a large amplitude pump field electron trapping takes place before all the incident photons are scattered. Therefore, the magnitude of ß os determines the nature of the saturation mechanism.
In the beam frame the magnitude of the backscattered electromagnetic wave, when saturation is due to pump depletion, is given by
Equation (44) 
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Associated with | E. . ,\ is a density wave, the magnitude of which is 8/;
Equating |8/? | to the ambient electron density n 0 , we find that electron trapping limits |£_| to the value
For the moderately strong pump regime we find that 
where Eqs (27) and (28) were used for w N . Substituting these expressions for \ '/0 + X ) into Eq. (47) we find that the amplitude of the backscattered electromagnetic wave, when saturation is due to electron trapping, for the moderate and strong pump case is respectively given by 
